The genus Dolops is one of only four genera in Branchiura, and as most other members of the group it is also ectoparasitic on freshwater fish. The large majority of investigations of the genus concern the single species of Dolops found in southern Africa, D. ranarum, although most of the remaining species are found in South America. In this paper, we present the first morphological description of the larva of D. carvalhoi using light-and scanning electron microscopy. This is the first detailed account of the larvae of any non-African species of Dolops, and our comparison of the larvae of D. carvalhoi and D. ranarum based on literature data show them to be surprisingly alike. The general implications of these findings are discussed in a phylogenetic context, with special emphasis on the different larval types found in the other genera of Branchiura.
INTRODUCTION
Among the many ectoparasites of fish, the four genera of Branchiura form a highly interesting group. Branchiurans are obligatory parasites typically found on freshwater fish, but with some marine examples as well. Generally, they are loosely connected to their hosts and their highly modified cephalic appendages constitute an advanced attachment system enabling them to move around on the host (Gresty et al., 1993; Møller et al., 2008) . Branchiurans often leave the host, e.g., when depositing eggs, or if the host is impaired or damaged. All branchiurans (the genus Chonopeltis excepted) are known to be excellent swimmers, easily able to seek out a new host among the benthic fish, using mostly visual cues (Wilson, 1902; Fryer, 1960; Mikheev et al., 2000; Harrison et al., 2006; Piasecki and Avenant-Oldewage, 2008; Møller, 2009) .
The genus Dolops is characterized by the presence of a pair of stout hooks distally on the first maxillae in the adult, instead of the suction discs developing from the proximal segments as it is found in the other three branchiuran genera (Bouvier, 1898 (Bouvier, , 1899 Fryer, 1961; Avenant et al., 1989a, b; Møller, 2009) . As distal hooks of the first maxillae are found in all known larval stages of branchiurans, the adult hooked condition in Dolops has been discussed as a neotenic novelty in the genus. Based on molecular data, Dolops appeared as sister group to the remaining three branchiuran genera, suggesting that the hooked condition is rather the ancestral condition within Branchiura (Møller et al., 2008) . This phylogenetic position of Dolops, however, is generally difficult to support by morphological data, making the genus highly interesting from a phylogenetic point of view (see discussion in Kaji et al., 2011 or Møller et al., 2008 . From all branchiurans, the earliest larval stage has only been described from ca. 20 species, most of them species of Argulus. From Dolops, a stage 1 larva has only been described from Dolops ranarum (Stuhlman, 1881) occurring in southern Africa, also being the single representative of Dolops found on that continent (Fryer, 1961 (Fryer, , 1969 Avenant et al., 1989a, b; Møller, 2009) . The remaining species of Dolops are distributed in S. America (ca. 12 species) and a single species has been reported from Tasmania: D. tasmanianus Fryer, 1969 (Heller, 1857 Bouvier, 1898 Bouvier, , 1899 Wilson, 1902; Yamaguti, 1963; Fryer, 1969; Møller and Olesen, 2009) . Dolops carvalhoi Lemos de Castro, 1949 has previously received attention by Malta and Varella (1983) or Nobre Carvalho et al. (2003) , and some details of the hatching of the larvae under laboratory conditions were presented by Gomes and Malta (2002) . However, none of these papers gave any morphological details in pictures or drawings, making this the first report on a larval stage 1 from a non-African Dolops using scanning and light microscopic methods.
MATERIALS AND METHODS
Larvae and a single adult of D. carvalhoi were collected and donated to the authors by Tomonari Kaji, Institute of Geosciences, Shizuoka University, Japan. The larvae were detected in small aquaria containing the host fish (Gulper Catfish = Asterophysus batrachus Kner, 1857) acquired for a different experiment by TK. The fish had been imported to Japan from the Madeira River (a tributary of the Amazonas River) region of S. America for the aquarium trade. The determination followed Thatcher (1991) and was crossreferenced with Lemos de Castro (1949) and is based on the only available adult female specimen (additionally a few photos were available). The fixed larvae of D. carvalhoi were dehydrated in a graded alcohol and acetone series, critical-point dried using a Bal-Tec 030 CPD, mounted on SEM-stubs and observed in a JEOL 6335-F scanning electron microscope. The light microscopic observations were done on a Zeiss Axiophot equipped with a drawing tube, or on a Nikon Microphot-DX, using a Nikon Digital Sight DS-Fi1 camera.
RESULTS
In general, the larval stage 1 (Figs. 1, 2A ) of D. carvalhoi closely resembles that of D. ranarum and larval stage 2 in species of Argulus such as A. foliaceus (Linnaeus, 1758) and A. japonicus Thiele, 1900 (Leydig, 1850 Heller, 1857; Clark, 1902; Tokioka, 1936; Rushton-Mellor and Boxshall, 1994) .
The larval stage 1 of D. carvalhoi is ca. 480-500 μm long (Figs. 1, 2A, 4) . The length from the anterior carapace edge to the anus (identified by the anal papilla) is aprox. 350 μm (n = 3) [this length and not the total length was preferred, as the preparation and mounting for SEM had left the abdominal lobes folded under the body]. Carapace length is ca. 300 μm (n = 1), width ca. 294 μm (n = 3), abdominal length ca. 160 μm (n = 1) and width is ca. 93 μm (n = 3). The carapace is of an orbicular shape, and protrudes in two lobes posteriorly. The SEM-specimens show a clear distortion of the carapace shape, due to the preparation (Fig. 4) . A few setae are found posteriorly on the dorsal surface of the two lobes ( Fig. 4A: arrows), while a dense fringe is found along the carapace margin (Figs. 2A, D, 3D ). The visible ventral surface of the carapace is devoid of setae or spines ( Fig. 2A) . Dorsally, two large compound eyes and one small three-cupped nauplius eye are present (Fig. 1) .
The first antenna has an enlarged proximal, roughly triangular podomere (A1 ph) ending in a strong recurved hook ( Fig. 2A , B, D) (A1 anterior spine sensu Rushton-Mellor, 1994) . The remaining distal part (A1 dist) seemingly consists of two podomeres, indicated by a seta (Fig. 2D : arrow) on the first, and a group of six or seven apical setae on the second (Fig. 2B, D) . The second antenna is uniramous, consisting of a coxa, basis, and three distal podomeres (s1-s3) (Fig. 2B, D) . The coxa carries two setae, the basis one, the second podomere (s2) carries two longer setae distally, and the distal podomere carries four long setae. In the observed specimens, all the setae were simple setae (Fig. 2D) . The mouth opening is situated at the distal end of a short mouth cone ( Fig. 2A, F) . The cone is formed anteriorly by the labrum, and posteriorly by the crescent-shaped labium, and no obvious sternal outgrowths are visible (Fig. 2F) . The oral perimeter of the labrum carries fine denticles, and the labium displays single setae at the lateral corners. The coxal processes of the mandibles are sickle-shaped and can be seen inside the mouth perimeter ( Fig. 2F : Md cox) along with a set of labial "spines" (Fig. 2F : arrows). The first maxillae are situated laterally to the mouth cone and consist of at least three podomeres (unclear due to preparation artifacts) ( Fig. 2A , C, E). The distalmost podomere carries a stout hook, curving towards and overlapping with its counterpart in the animal's midline ( Fig. 2A, C) . Immediately anteriorproximally to the stout hook, a smaller "spine-like structure" (sensu Møller et al., 2008) , subdivided into a broad proximal and narrow distal part can be found ( Fig. 2E: sls) . Proximal to the distalmost, hook-carrying podomere, two additional (putative) podomeres can be identified based on the presence of setae (Fig. 2C, E) . Anteriorly on the second putative podomere, a short row of teeth-like setules is found adjacent to a seta (Fig. 2E ). The precise proximal podomere arrangement is not clear. The second maxilla is uniramous, and consists of six podomeres (Figs. 2A, 3B, D) . The first podomere is generally sub-cylindrical, but wider posteriorly (Fig. 3B:  p1) . It carries two significant posteriorly directed "teeth," and between these, slightly anteriorly, a single seta. The second podomere is slightly cone shaped (tapering in the P/Daxis), but characteristically, a line/groove runs across the podomere from the distal posterior to the anterior proximal corner (Fig. 3B: p2) . The groove itself is probably strongly influenced (i.e. deepened) by the SEM-preparation, but also LM-preparations show such a line (not shown). It is thus not interpreted as a subdivision of the podomere. Two setae are situated distally, and slightly dorsal to them, a few small multi-digit scales are found. The third podomere is cylindrical and carries a single seta on the distal, posterior side (Fig. 3B, D: p3) . The fourth podomere is sub-cylindrical, tapering distally, with a tight group of multi-digit (eight, possibly nine) scales on the ventral face (Fig. 3B, D: p4) . The fifth podomere is generally wedge-shaped; wider anteriorly, with a single large seta distally, and a group of multi-digit scales on the lower ventral face (Fig. 3B, D: p5) . The sixth podomere is the only non-cylindrical podomere ( Fig. 3D:  p6) . It is plate-like and carries two large hooks, and next to them two smaller multi-tipped cuticular outgrowths of different sizes; the "ventral" one is larger and has three or four tips, while the "dorsal" is smaller and has only two tips (Fig.  3C shows the right Mx1's p6, with four tips). The four pairs of thoracopods show a generally similar morphology (Figs.  2A, 3A) . In thoracopods one to three, the protopod is subdivided into a coxa and a basis. Both podomeres are fringed with a setal row on the posterior margin, with one prominent seta distally on the coxa, adjacent to the coxa/basis border ( Fig. 3A: arrows) . The endo-and exopods are equipped with a group of distal (natatory) setae of about the same the length as the appendage (Fig. 3A: en, ex). Setal formulas of endoand exopods are: thoracopod 1, endopod 1, exopod 3; thoracopod 2, endopod 2, exopod 3; thoracopod 3, endopod 2, exopod 3; thoracopod 4, endopod 2, exopod 3. No trace of a developing flagellum can be identified on any thoracopod. The morphology of the fourth thoracopod differs somewhat in the protopod subdivision (Figs. 2A, 3A) . The basis looks similar to that of the preceding appendages, but the proximal small part of the protopod is seemingly further subdivided into two smaller portions, the proximalmost of which carry a prominent posteriorly directed lobate structure (= "natatory lobe"), also fringed with a row of setae on the posterior margin ( Fig. 3A: na lo) .
The abdominal lobes are large and flattened structures comprising ca. 1/3 of the total body length (Figs. 1, 2A, 4A , B). Due to the SEM-preparation shrinkage, the two furcal rami are only visible in the dorsal view. Located in close proximity of the anus (preparation artifacts prevents a more precise location determination), each ramus carries ca. five Abbr. En = endopod; ex = exopod; Mx2 = second maxilla; Na lo = natatory lobe of fouth thoracopod; Thp1-4 = first to fourth thoracopod; p1-6 = first to sixth podomere of the second maxilla. apical setae (Fig. 4B, C) . In the midline, dorsal to the anus, a papilate outgrowth carrying a single prominent seta is found ("anal-papilla") ( Fig. 4B : an pa).
DISCUSSION Comparison Between Stage 1 Larvae of D. carvalhoi and
D. ranarum As D. ranarum is the only other species of Dolops from which the first larval stage is known in any detail, the data given by Avenant et al. (1989b) and Fryer (1964) will be the main basis of comparison. Although generally quite similar, e.g., the first and second antennal complexes, it is possible to identify differences between the two species in the larval stage 1. With regards to details of the distal antennal setation, the two species differ very little, if at all. The subdivision of the first antennal distal part into two podomeres (indicated by the small seta) as found here for D. carvalhoi might easily have been overlooked in D. ranarum. Such a division is actually also present in adults of D. ranarum (personal observation) but normally not reported, e.g., not mentioned by Avenant et al. (1989a) . The second antenna of D. carvalhoi carries setae on both the s2 (two) and s3 (four), while D. ranarum is depicted with setae only on s1 (two) and s3 (three) by Avenant et al. (1989b) . However, the larva of D. ranarum depicted in Fryer (1964, Fig. 27 ) has the exact same setation as the larva of D. carvalhoi presented here, with the s2 having two and the s3 having four setae. The differences in the first maxillae are more easily recognized: The protuberance anterior to the main distal hook of the first maxilla (spine-like-structure sensu Møller et al., 2008) of D. carvalhoi is smooth and without setules. In D. ranarum, this structure it has a rich covering of setules (Avenant et al., 1989b, plate IId) . The multi-digit scales on the second podomere seen in D. carvalhoi are not found in D. ranarum. It appears , showing the coxa, basis and three subdivisions of the A2; E, Proximal part of the first maxilla showing the setal-like-structure and the proximal subdivision; F, Close-up of distal mouth cone -labrum, labium and the mandibular coxae visible. Arrows point at the "labial spines." Abbr. A1 dist = first antenna distal part; A1 ph = first antenna proximal hook; A2 bas = second antenna basis; A2 cox = second antenna coxa; A2 en = second antenna endopod; Abd lo = abdominal lobe; Labr = labrum; Labi = labium; Md cox = mandibular coxa; Mx1 = first maxilla; Mx2 = second maxilla; Mx1 dh = first maxilla distal hook; s1-3 = second antenna subdivisions one to three; sls = setal like structure of the first maxilla; Thp1-4 = first to fourth thoracopod. that the distal hooks of the first maxillae of D. carvalhoi are relatively larger (with a longer curvature) than their counterparts in D. ranarum. In D. carvalhoi, the hooks are capable of overlapping in the ventral midline (in front of the mouth cone), while this does not seem to be the case in D. ranarum ( Fig. 2A, C) . The second maxillae proximal podomere differs in carrying only one seta on the ventral face in D. carvalhoi, while carrying two in the same position in D. ranarum. The fourth and fifth podomeres of D. carvalhoi carry a group of multi-digit scales directed anteriormedially. Such scales were not reported in D. ranarum. The mouth cone of D. carvalhoi carries a pair of setae on the lateral corners of the labium, and these seem to be missing in D. ranarum. The thoracopods of the larvae of D. carvalhoi show precisely the same setation pattern as was reported from D. ranarum by Fryer (1964) . This is slightly different from what was reported later by Avenant et al. (1989b) for D. ranarum, stating that all exopods and endopods carried two distal setae (vs. the en/ex = 1/3; 2/3; 2/3; 2/3 fomula reported here). The abdominal lobes lateral to the short furcal rami are longer in D. carvalhoi than in D. ranarum. The carapace of D. carvalhoi does not extend as far posteriorly as in D. ranarum and thus the fourth thoracopod is not covered dorsally in D. carvalhoi. The egg batches of D. ranarum were depicted, e.g., by Avenant et al. (1989b) , and just as the egg batches of Argulus foliaceus, they show darker, chitinous-like ridges longitudinally across each egg in the batch. The egg batches of D. carvalhoi do not show such ridges (data not shown; see illustration in Gomes and Malta, 2002) . The ridges probably serve to camouflage the eggs better on the substrate and to stabilize the egg batch further, making it more resistant to predation.
General Aspects of Branchiuran Larval Development in the Light of D. carvalhoi
Within Branchiura, the hatching stage larvae show two distinctly separate morphologies: a juvenile-type larva resembling a small adult in most aspects found in e.g., D. ranarum and several species of Argulus [A. megalops Smith, 1873 (in Verril, 1873 ; A. funduli Krøyer, 1863, and A. africanus Thiele, 1900] and the meta-nauplius type from species such as A. foliaceus, A. japonicus, and A. coregoni Thorell, 1864 (Wilson, 1907; Gomes and Malta, 2002; Møller et al., 2007; Møller, 2009) . The meta-nauplius type larvae hatch without functional thoracopods and swim using their naupliar appa-ratus, while the juvenile-type larvae employ the adult swimming style directly from the time of hatching. The larva of D. carvalhoi clearly falls in the latter category. The larvae of Dolops differ in one aspect from the other juvenile-type hatchers in having the adult type first maxillae with distal robust hooks. In the Argulus juvenile-type hatchers, e.g., A. megalops, the hatching stage has two large distal hooks on the first maxillae, but they are subsequently replaced by the suction discs during development (Wilson, 1902; Meehan, 1940; Møller et al., 2008; Kaji et al., 2011) . In Dolops, only minor post-hatching development of the first maxillae takes place, and thus the development of this appendage seems to be decoupled from the ontogeny in general within the Branchiura (see also Kaji et al., 2011) . If the proposal by Møller et al. (2008) that Dolops is the sister group to the remaining Branchiura is accepted, it one can speculate that the juvenile-type morphology of the hatching stage is the ancestral condition for Branchiura. The presence of both types of hatching morphologies within the genus Argulus, could point toward the metanauplius type having evolved later in some species like A. japonicus/A. foliaceus/A. coregoni; possibly as a reversal. In this way, the parasites are better equipped to spread faster to new hosts, which might also explain the great evolutionary success of these species in particular. This would also be in accord with the fact that the larva found in a species such as A. foliaceus is far from "primitive" morphologically, and already features a developed mouth cone with a specialized mandible and a pre-oral spine. Only the swimming apparatus and the absence of fully developed thoracopods is "naupliar" in appearance (Møller et al., 2007) . Finally, the similarities of the juvenile like larval types of Dolops and Argulus are also very obvious, e.g., the presence of only two teeth on the proximal podomere of the second maxilla at hatching (Wilson, 1907; Meehan, 1940; Fryer, 1964) . The hatching stage of the species of Chonopeltis shows a peculiar mix of character states: it does not display juvenile looking thoracopods, nor does it have a naupliar swimming apparatus (indeed the propulsion method of the larvae is still unknown), or a pre-oral spine (Fryer, 1961) . On the other hand, the first maxillae of Chonopeltis carry hooks homologous to those of Argulus, and the suction discs seemingly develop in the same way in Chonopeltis as they do in Argulus (Fryer, 1956 (Fryer, , 1961 Avenant-Oldewage and Knight, 1994; van As and van As, 1996) . The larvae of Dipteropeltis hirundo Calman, 1912 , are still unknown, but as most recently summarized by Møller and Olesen (2009) Di. hirundo is probably closely related to (or an in-group in) Argulus, based on several traits, e.g., the presence of a preoral spine.
The presence of a juvenile type hatching larva in the south American D. carvalhoi and its generally high degree of similarity to the south African larvae of D. ranarum confirms the coherence of the genus across a significant part of its geographical range. As shown here, on both sides of the southern Atlantic Ocean, species of Dolops hatch with similar morphologies. With the lack of knowledge of other species of Dolops and their respective larvae, (particularly interesting would be the Tasmanian D. tasmanianus) it is still too early to draw conclusions on the whole genus.
The fact that apparently only one Dolops species is found in Africa, could lead to the speculation that a recent reintroduction has taken place, rather than the species being the last remnant of the old Gondwanian endemic population. Alternatively, a larger extinction event could have occurred in Dolops in southern Africa, possibly also affecting the genus Chonopeltis evidenced in the very narrow geographic distribution of this genus (Avenant-Oldewage and Knight, 1994) . Unfortunately, the level of knowledge of the South American species of Dolops is still not sufficient to support or reject any of these theories, and the questions remain to be addressed using molecular population genetics methods.
